The tensor analyzing power Γ20 in elastic electron-deuteron scattering has been measured in the four momentum transfer region between 1.4 and 3.2 fm~l using the Internal Target Facility at NIKHEF. Tensor-polarized deuterium is produced in an Atomic Beam Source and injected into a storage cell. Scattered electrons and recoil deuterons were detected in coincidence with two large acceptance non magnetic detectors. 1 presented by N.Vodinas for the 91-12 collaboration (present address: National
Introduction
Spin-dependent electron scattering is considered to be an essential tool to study the electro-magnetic structure of nuclei. For example, spin observables in elastic, quasielastic, and deep-inelastic scattering from polarized deuterium are predicted to provide important information on the effects of D-wave components in the groundstate of 2 H [1], the largely unknown charge form factor of the neutron [2] , and the neutron spin structure functions [3] . This has resulted in a significant effort in the past few years for the development of polarized 2 H targets for use with internal or external beams.
Spin-dependent e-2 H scattering experiments off polarized internal targets are car ried out or planned at a number of intermediate and high energy facilities [4] [5] [6] . Polarized internal gas targets offer several advantages such as high polarization, no dilution due to unpolarized nuclei, rapid reversal of polarization and they require a relatively low holding field. These low thickness targets, in conjuction with the high available currents in storage rings allow for the detection of low-energy hadrons and access to a broad kinematic range by using large acceptance detectors. The use of internal polarized targets in electron storage rings was pioneered at the Budker Institute of Nuclear Physics (BINP) at Novosibirsk [5, 7] . More recently the Amster dam Pulse stretcher/Storage ring (AmPS), at NIKHEF, has been expanded with an Internal Target Facility to perform spin-dependent electron scattering experiments [8] .
In this article two experiments performed using the Internal Target Facility at NIKHEF are presented. After an introduction to the properties of the deuteron and the physics of the electron elastic scattering off (un)polarized deuteron, the experimental set-up (polarized target and detector system) is described. Finally ex perimental results on the tensor analyzing power T20 are presented, compared with different theoretical models.
The deuteron
The deuteron is the simplest compound nucleus, consisting of a proton and a neutron in a bound state with spin J = 1 + and isospin Τ -0. The magnetic moment of the deuteron μ^ = 0.857406 μκ (μχ is the nuclear magneton) is in good approximation given by the sum of the proton and neutron magnetic moments, μ ρ + μ η -2.79275 -1.91350 = 0.87825 //Λ/· From the non-zero value for the quadrupole moment Qd -0.28590 fm 2 one can deduce that the ground-state wave function of the deuteron can not be a spherically symmetric L = 0 (or S) state, and this implies the presence of aD-state (L = 2) admixture. Therefore non-central (or tensor) components of the nucleon-nucleon (NN) interaction play a significant role in the deuteron. The Dstate admixture is quantified by the D-state probability Pd and various NN realistic potentials predict the D-state probability to be between 2 and 7%. Experimentally, the effect of the S-and D-states is accessible through elastic or quasi-elastic electron scattering.
Elastic electron-deuteron scattering
Elastic electron scattering off the spin-1 deuteron is completely described in terms of three ElectroMagnetic Form Factors (EMFF) : the charge monopole Gc, the magnetic dipole GM, and the charge quadrupole GQ.
The cross section for unpolarized electron elastic scattering with initial energy e off unpolarized deuteron can be written in the Lab-frame [9, 10] :
is the four-momentum transfer (ω and q are the energy and threemomentum transferred from the virtual photon (see fig.l) ). In the one photon ex change approximation Q 2 = 4ff'5m 2 (^) (e f and 9 e are the energy and angle of the scattered electron respectively). OMQU is the cross section for scattering of a massless spin-\ particle off a (spin-less) point charge (Z = 1).
The two structure functions A and Β can be expressed as:
where η = jfe. Md = 1875.613 ^ψ-is the deuteron mass.
4M
Elastic scattering from unpolarized targets has been studied extensively and yielded accurate data sets up to Q of ~ Sfm~l [11] [12] [13] . These experiments focussed on the extraction of A(Q 2 ) and B(Q 2 ). This clearly yields the magnetic form factor GM, but does not allow for a separation of the monopole and quadrupole form factors Gc and GQ. A complete separation of all three EMFF requires polarization observables either through elastic scattering from a tensor-polarized internal target or from the polarization measurement of the recoiling deuteron from an unpolarized target.
The cross section for elastic scattering of unpolarized electrons off tensor-polarized deuterium nuclei, when P zz is the degree of tensor polarization, can be expressed as
The direction of the polarization of the deuteron is defined by the vector d, which is characterized by the angles 9* and φ* in the frame where the 2-axis is along the direction of the three momentum transfer q of the virtual photon (see fig.l ). The coefficients oti m are given by:
»20 = §(3cos 2 0* -1), α 2 ι = w §sm(20*)cos<£*, and 022 = J\sin 2 9*cos(2é*)
The tensor analyzing powers T2 m , which contain the physics of the deuterium nucleus, are just like A(Q 2 ) and B(Q 2 ), combinations of EMFF. Especially T20 can be expressed as
in which
The structure functions A and Β combined with the tensor analyzing power T20 allow the determination of the EMFF of the deuteron. 
4.I The Tensor-polarized deuterium gas target
The Tensor-polarized deuterium target setup is shown in fig.3 [8] . The ABS is based on the principle of Stern-Gerlach separation of an atomic beam. A radio frequency dissociator (D), a cooled nozzle in combination with a skimmer and a collimator (CH), and sextupole magnets (Si, S2), produces a beam of polarized deuterium atoms. A Medium-(MFT) and a Strong-Field (SFT) Transition units are used to prepare atoms in hyperfine states |m/ = 0, mj --\-\ > and |0, -\ >, or | -1, -+-\ > and I + 1, -\ > (I and J represent the nuclear and electron spin of the deuterium atom respectively) [14] .
Defining the degree of tensor polarization as P zz = 1 -3no with no the fraction of deuterium atoms with mj = 0 [15] , the first and the second set of hyperfine states results in tensor polarization of P zz = -2 and 1 respectively. These numbers are given for the ideal case, with complete dissociation, no recombination and complete separation of the spin-states by the magnets.
The deuterium atoms are injected into a windowless T-shaped storage cell consisted of a straight tube through which the stored electron beam is passed, an entrance tube for feeding the polarized gas into the storage cell and an exit port to sample the intensity and polarization of the injected target gas. The principal function of the stogare cell is to increase the luminosity of the experiment without affecting the where I e is the current of the circulating electron beam, /ABS the injected intensity of deuterium atoms, L and D the length and the diameter of the cell respectively, M is the target mass and Τ the temperature of the cell.
The direction of the polarization of the deuteron is defined with an external mag netic holding field. The holding field is provided over the entire cell region and is supplied by two parallel iron plates, situated along the direction of the electron beam, just outside the vacuum of the AmPS (fig.3 ). The plates are wound with two overlaying copper foils, supplying a field component along the beam direction and a component in the vertical plane, transverse to the electron beam. By adjusting the relative currents through the transverse and the longitudinal coils the holding field can be aligned at any direction in the vertical plane that orientating the target polarization axis in the electron scattering plane, either parallel or perpendicular to the momentum transfer in order to allow measurement of the various tensor ana lyzing powers Tim-Typical values of the holding field are in the order of 23-30 mT for our experiments.
The polarization of the atomic beam out of the ABS is monitored on-line with a Breit-Rabi Polarimeter by sampling a 10% fraction of the atomic beam. Additionaly the nuclear polarization of the atoms and the composition of the gas is measured off-line by using an ion-extraction system (Ion Polarimeter) [16] . Using the results of the Breit-Rabi Polarimeter and the ion extraction system an absolute number for the tensor polarization is obtained.
4-2 The Detector system
A schematic outline of the experimental set-up showing the storage cell and the detector system is presented in fig.4 [17] . Scattered electrons are detected with an electro-magnetic calorimeter (ECM) (fig.2, fig.4 ) [17] . The primary requirement of the ECM is to distinguish (quasi)-elastic events from inelastic ones in which a pion is produced. The ECM consists of a stack of 60 Cs(Tl) crystals, with dimensions of 60 x 60 x 150 ram 3 . This material was chosen for its short radiation length (1.85 cm) and large light output (4.5 x 10 4 photons (MeV). The crystals are stacked in six layers of ten (total depth of 19 radiation lengths) in such a way that the frontface dimension of all layers is 300 χ 300 mm 2 . A wavelength shifter plate positioned on the top of each crystal collects the light and shifts the wavelength to provide a better match with the maximum in the quantum efficiency of the PIN diode S3588-03 that is used for the read-out. The first layer of crystals is sandwiched between two scintillators (NE102). The first thick scintillator (thickness 50 mm) shields the first layer of CsI(Tl) crystals from the abundant Moller electrons. It is read out by four 2-inch photomultipliers. The calorimeter has a geometrical acceptance of approximately 150 msr. A coincidence with the second scintillator (thickness 10 mm) produces a trigger for the read out of the crystals.
Recoiling deuterone were detected in coincidence in the so called Range Telescope (RT) (fig.2, fig.4 ) [18] . It consists of a stack of 16 scintillators (Bicron BC-400) with frontface dimensions of 300 x 500 mm 2 . All scintillators have a thickness of 10 mm, except for the first one which is 2 mm thick. Each scintillator is read out on one side, alternatively on the left and on the right side, by a single photomultiplier. The detector has an angular acceptance in the order of 300 msr and its readout is triggered by a signal from its first scintillator. Because of the correlation between the scattering angles of the electron and the elastically scattered deuteron, information of only one ßT-layer is sufficient for deuteron detection.
As shown in fig.2 and fig.4 both detector arms are equipped with two sets of multiwire proportional chambers to perform the required track reconstruction.
Experiment and Experimental Results
Two different experimental runs have been performed with our tensor polarized deuterium internal target. In the first run an electron beam of 565 MeV out of the ME A accelerator was stored in the AmPS ring [19] . Several beam pulses were stacked until the stored current exceeded 100 mA. A beam lifetime exceeding 15 min was obtained. The central angle of the ECM was situated at 35° and due to the large acceptance and the extended target the effective angular range of the calorimeter was from 21° to 45°. The RT was positioned at a central angle of 80° covering deuteron recoiling angles from 55° to 110°. The second run was performed at an energy of 704 MeV [20] . Circulating currents of up to 150 mA were stored in the ring with a beam lifetime in excess of 30 min by compensating synchrotron radiation losses with a 476 MHz cavity. The ECM and RT had been moved to 45° and 62°, respectively. With the combination of these two runs, the range from 1.4 to 3.2 fm~l for the four-momentum transfer Q was covered for the elastic channel.
The atomic deuterium beam is fed into the open-ended T-shaped storage cell with diameter of 15 mm and a length of 400 mm. The cell was cooled to approximately 150 °K. With a flux of 1.3 x 10 16 ( 2 H atoms/sec) in two hyperfine states into the cell, an integrated target density was obtained of 2 χ IO 11 ( 2 H atoms/cm 2 ).
The tensor polarization was flipped every 20 sec between P~ and P+. To extract the tensor analyzing power Γ20, the following experimental asymmetry Α Ί ά was formed
with N + (N~) the number of events when the target polarization was positive (nega-tive). Data have been taken where the target spin vector was directed approximately parallel or perpendicular to the momentum transfer.
The extracted values of Γ20, were recalculated at 9 e = 70° to allow a direct com parison with the results of other experiments. The results are presented in fig.5 , in comparison with the world data from BINP [5, 7, 21] , from MIT-Bates [22, 23] , and from Bonn [24] . For the measurement of T20 at MIT-Bates the recoil polarization technique has been used. In this technique one uses an unpolarized deuterium tar get and measures the tensor polarization of the recoiling deuteron with a magnetic spectrometer equipped with a Polarimeter. The curves represent the predictions of various theoretical models [25] . A more detailed discussion on the world data and the comparison with the theoretical calculations can be found elsewere [20, 26] .
Recently, an experiment has been completed at Jefferson Laboratory, which will provide accurate data (by employing the technique of measuring the polarization of the recoiling deuterons) in a Q range from 4 to 6.5 fm~l [27] . Future measurements of T20, using the internal target technique, are also to be expected with the BLAST detector at MIT-Bates in a Q range of 0. 
